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Trapping/de-trappingDynamic characterization (Pulsed I–V) on Au-free AlGaN/GaN Schottky Barrier Diodes (SBDs) has been
performed to evaluate the impact of negative quiescent biases on the forward characteristics. Results
show an increase of on-resistance when more negative quiescent biases are applied, and a sudden current
collapse phenomenon when the quiescent bias exceeds 175 V. Furthermore, the measurements show a
common signature: the total current collapse is the result of the trapping phenomena occurring around
the Schottky contact corner. The trap levels of 0.5 eV and 1.0 eV have been characterized from current
transient spectroscopy. A TCADmodel with these two trap levels as donor states at the Si3N4/AlGaN inter-
face has been defined, to understand their role and explain the observed behavior of AlGaN/GaN SBDs
from this dynamic measurement. We propose that trapping at deep energy levels (Trap1 = 1.0 eV), exist-
ing at the Si3N4/AlGaN interface, is responsible for the gradual current reduction observed for negative
quiescent biases up to Anode-to-Cathode voltage (VAC) of 175 V. The electron filling at the shallower
traps with high density at energy level located 0.5 eV starts at higher reverse biases, resulting in a strong
Fermi-level pinning, which can be the cause of sudden current collapse.
 2014 Published by Elsevier Ltd.1. Introduction
AlGaN/GaN Schottky Barrier Diodes (SBDs) are promising
devices for high-power, high-temperature, and high-frequency
applications due to their superior material properties including
high channel charge density and mobility as well as large break-
down field strength [1,2]. To make the technology cost-effective
and compete with Si-based power devices, efforts have been made
to fabricate high-performance AlGaN/GaN SBDs on large diameter
GaN-on-Si wafers with Au-free CMOS-compatible process flow
[1,2]. The simultaneous optimization of on-state and leakage of
AlGaN/GaN SBD has been reported by using anode recess com-
bined with different techniques, i.e. GaN:C buffer [3], field plate
design [5], anode cleaning [4], and design of gated edge termina-
tion [1,2], etc. However, the dynamic stability of GaN-based
devices can be a practical issue due to trapping/de-trapping of
the surface donor-like states which are commonly known to be amajor source of electrons for the formation of two-dimensional
electron gas (2DEG) [6]. Several authors have studied the dynamic
RON dispersion of AlGaN/GaN High Electron Mobility Transistors
(HEMTs) from pulsed I–V measurements, describing the variation
of 2DEG density correlated with the trapping/de-trapping of sur-
face donor states [7,8].
In this paper, we investigate the role of donor states at the
Si3N4/AlGaN interface on the dynamic behavior of Au-free AlGaN/
GaN SBDs in pulsed regime. A simple model has been defined in
the TCAD simulator, with two discrete donor trap levels at 0.5 eV
and 1.0 eV (at the Si3N4/AlGaN interface) based on the results from
current transient measurements. From the simulation results, we
are able to qualitatively explain the experimental observations:
gradual current reduction and sudden current collapse.2. Device fabrication
AlGaN/GaN epitaxial layers were grown on 8-inch GaN-on-Si
wafers by using Metal Organic Chemical Vapor Deposition (MOC-
VD). The epi-structure was composed by a 10 nm Al0.25Ga0.75N
barrier, a 150 nm GaN channel layer, a buffer layer (400 nm(2014),
Fig. 1. Schematic structure of AlGaN/GaN-on-Si SBD with Anode-to-Cathode
distance LAC = 5 lm, Anode finger width = 100 lm, Schottky contact length
LSC = 9 lm.
Fig. 2. Experimental set-up for Pulsed I–V measurement on AlGaN/GaN SBD (left);
measurement technique (right): forward current was measured with a pulsed
positive voltage VF before when a constant stressing voltage VR was applied on the
Anode with stressing time period tS of 10 ms.
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200 nm AlN nucleation layer on p-type Si (111) substrate. The
surface of the entire stack was passivated by 140 nm Si3N4 layer
by means of Rapid Thermal Chemical Vapor Deposition (RTCVD).
The active areas were isolated by a nitrogen-based implantation.
The removal of the Si3N4 at the anode region was performed with
a SF6 dry etch. Before the deposition of the Anode metal, a N2
plasma treatment at the Anode area was given to remove the
native oxides or traps located at the Schottky junction for the
improvements in performance [9,10]. The AlGaN/GaN SBDs were
then fabricated with Au-free Anode and Cathode contacts [1,2].
The schematic of the SBDs studied is shown in Fig. 1 with sym-
metric configuration. The devices measured in this work are sin-
gle anode finger AlGaN/GaN SBDs with the following layout
parameters: Anode-to-Cathode distance LAC = 5 lm, Anode finger
width = 100 lm, and length of Schottky contact LSC = 9 lm.Fig. 3. The simulated band diagram and 2DEG density at equilibrium (left), and
ormalized ionization of the traps defined at the Si3N4/AlGaN interface (right).3. Experiment and simulation
To examine the dynamic behavior of AlGaN/GaN SBDs, we
developed a measurement procedure shown in Fig. 2 and used
an Agilent B1505A to measure the pulsed I–V characteristics. Each
point of the forward I–V characteristics is preceded by a 10 ms
stressing pulse (quiescent state) at a negative bias (VR). During
the filling pulse, the high electric field changes the state of the sur-
face donors at the corner of the Schottky contact (where the elec-
tric field has its intensity peak) [2]. The forward behavior is then
affected by the trapping phenomena occurred during the filling
pulse. The pulsed forward characteristics have been investigated
for different stressing voltages VR (VR from 0 V to 200 V) to under-
stand the trapping mechanisms.
A two-dimensional TCAD simulation has been carried out using
the commercial software Synopsys Sentaurus Device. Donor-likePlease cite this article in press as: Hu J et al. Physical origin of current collapse i
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uniform spatial distribution in density. The traps were defined as
bulk traps located in a small region close to AlGaN surface
(0.5 nm) which allows for a clearer visualization of the trap occupa-
tion under different bias conditions. There is no trap states defined
at the Anode metal/AlGaN barrier interface. The densities of the
donor traps are set as 1.25  1012 cm2 and 2.1  1013 cm2 at
‘‘Trap1’’ and ‘‘Trap2’’ with their energy levels extracted from the
current transient measurements at different temperatures. As
shown in Fig. 3 (left), the Fermi-level is located below the donor
trap levels at the Si3N4/AlGaN interface at equilibrium state with
VAC = 0 V. Donor trap carries a positive charge when it is ionized
and stays neutral when it is occupied with an electron. The normal-
ized ionization of the two traps defined is shown in Fig. 3 (right) to
be ‘‘1’’ [11], i.e. all the interface traps are ionized with positive
charges which compensates the negative polarization charges at
the AlGaN surface and gives rise to a high 2DEG density in the chan-
nel shown to the right axis in Fig. 3 (left).4. Results and discussion
In Fig. 4, typical pulsed I–V characteristics with changing VR for
AlGaN/GaN SBD are shown. Two regimes have been observed in
terms of current levels: gradual current reduction before a critical
voltage and total current collapse when VR goes beyond the critical
voltage. Before reaching the critical voltage of VR = 175 V in this
measurement, the diode can still turn on around 1.5 V (with crite-
ria of IAC = 1 mA/mm after normalization of the current to the
width of the Anode finger). It is clearly observed that there is a
gradual reduction of maximal forward current at VF of 2.5 V by
increasing the reverse bias from 0 V to 150 V, which is correlated
with the increase of on-resistance as calculated in Fig. 4 (right).
Moreover, the totally collapsed current can still abruptly jump to
the ‘‘normal’’ level when a sufficiently high forward voltage trig-
gers the de-pinning of the Fermi level.
During the off-state operation, there is an electric field peak
located at the corner of the Schottky contact which results in a
perimeter effect of leakage current [2]. It is important to note that
there is a peak lateral component of the electric field which attracts
electrons to be captured by the traps present at the Si3N4/AlGaN
interface. Electron trapping is responsible for this current-reduc-
tion and collapse, as the trapped charges act as a virtual gate which
deplete the 2DEG channel existing underneath when the forward
current is measured [12].
From the observation in Fig. 4 (left), there are two distinct traps
which are responsible for the gradual current reduction and total
current collapse, respectively. Current transient measurement after
stressing the AlGaN/GaN SBDs has been performed to identify the
trap energy levels. As can be shown in Fig. 5, thermally activatednn Au-free AlGaN/GaN Schottky Barrier Diodes. Microelectron Reliab (2014),
Fig. 4. Pulsed forward I–V characteristics with a variation of the stressing voltage VR
from 0 V to 200 V (left); the variation of on-resistance with changing VR which
correlates to the current reduction (right).
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The trap states can be due to the threading dislocations [13] and
AlGaN surface states [14].
At low voltage range of VR, the electrons are firstly captured by
‘‘Trap1’’ due to their lower energy as shown in Fig. 6 (left). As the
increase of negative bias, there is a rise of the peak lateral electric
field which results in more electron trapping in the vicinity of
Schottky contact. The simulated band diagram (at a distance of
0.5 nm from the Anode metal) at VAC = 150 V is shown in Fig. 6
(right). It is illustrated in the figure that the quasi-Fermi level is
pinned at the Trap1 energy level with electrons occupying those
deeper trap states. The Trap2 is still located above the quasi-Fermi
level and remains ionized. Due to the relatively low density of
Trap1, the 2DEG channel can still be formed when a pulsed forward
voltage is applied.(a)
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Fig. 5. Time constant spectra (derivative of the current transients) measured at
different temperatures and the Arrhenius plots for Trap1 (a) and Trap2 (b),
respectively.
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c
sTCAD simulation results obtained using trap occupation
described in Fig. 7 have verified that the trapping phenomena
occurred at the corner of the Schottky contact, and a lateral exten-
sion of trapped region for ‘‘Trap1’’ was observed when reverse bias
becomes more negative. The occupied donor states induces a field
effect which reduces the density of 2DEG resulting in a higher on-
resistance as observed from experimental data shown in Fig. 4
(right). The ‘‘Trap2’’ stays ionized until VAC = 150 V.
At even more negative bias, ‘‘Trap2’’ starts to be filled with
injected electrons due to the further bending of the band laterally.
The simulated band diagram (at VAC = 175 V) in Fig. 8 (left) shows
that the quasi-Fermi level at the Si3N4/AlGaN interface is pinned at
the trap level of 0.5 eV, which demonstrates the charging effect at
the energy level of ‘‘Trap2’’. The normalized ionization from simu-
lation in Fig. 8 (right) confirms the process of electron-filling at
‘‘Trap2’’ at more negative bias (the simulated VAC = 175 V),
since the normalized ionization of ‘‘Trap2’’ starts to drop. Due to
the large trap density at 0.5 eV, the current can be blocked at the
forward regime before the discharging of these trapped states
and de-pinning of the Fermi-level take place.
From the measurement results shown in Fig. 4, there is a jump
of current when the device was stressed with VR of 175 V. This is
a signature of de-pinning of the Fermi-level at the Si3N4/AlGaN
interface with a distance of several nanometers from the corner
of Schottky contact where a positive pulse voltage was applied.
Most importantly, this phenomenon of Fermi-level de-pinningAlGaN Barrier
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4 J. Hu et al. /Microelectronics Reliability xxx (2014) xxx–xxxcan only take place with limited distance away from the Anode
metal, since the jump of current is triggered by a ‘‘small’’ positive
voltage.
It is worth mentioning that more trap levels can be involved
during this trapping process in the off-state. In the work, we have
demonstrated the contribution of different trap levels at different
bias conditions and given qualitative explanation to the experi-
mental observations. This paper also indicates that mitigation of
the current collapse of AlGaN/GaN SBDs can be realized by improv-
ing the Si3N4/AlGaN interface properties.
5. Conclusions
This work correlates results of pulsed I–V experimental obser-
vations on Au-free AlGaN/GaN Schottky Barrier Diodes with trap-
ping phenomena of surface donor states. A simple model was
implemented in a two-dimensional numerical simulator which
can explain the measurement results. In this model, two trap levels
were defined with different behaviors. The gradual on-resistancePlease cite this article in press as: Hu J et al. Physical origin of current collapse i
http://dx.doi.org/10.1016/j.microrel.2014.07.031increase and total current collapse were related to the electron-fill-
ing of these trap states which depends on the applied stressing
bias. By analyzing the trapping occupation of different donor trap
levels at different voltage regions, we are able to verify the impact
of the surface donor states on the dynamic behavior of AlGaN/GaN
SBDs.
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